Abstract-Lightning can create lightning induced overvoltage (LIOV) on a power line. However, detailed considerations are needed concerning the evaluation behaviour of LIOV due to changes in channel angle which is referred to as an inclined lightning channel. The aim of this paper is to evaluate the behaviour of LIOV due to variations of channel angle. The LIOV was generated through the execution of an algorithm in MATLAB. Results indicate that the behaviours of LIOV are direct and show a linear relationship with an increasing channel angle which is an inclined angle and observation point angle. On the other hand, the effect on the LIOV of an increasing channel angle due to the return stroke velocity decreases at the highest velocity. As a result, the outcome of this paper could be useful for electrical power designers for the fast estimation of LIOV peak voltages without recalculation of the LIOV and to assist in the appropriate planning of protection schemes.
I. INTRODUCTION
Lightning is a discharge phenomenon. According to sources [1] [2] [3] , lightning discharge occurred between cloud to cloud, cloud to air and cloud to ground. However, at least 25 % of lightning occurrences are discharges from cloud to ground and at least 90 % of those occurrences arise from negative discharges. With the highest frequency of occurrence of lightning being a negative discharge, this type of discharge mainly contributes to the risk of electric shock to humans standing in dangerous exposed areas and also for interrupting power line systems which causes damage to valuable and expensive equipment. The interruption to a power line system is caused by induced overvoltage on the line which is created by an indirect lightning strike. According to the literature [4] at least 90 % of power line system interruptions are caused by transient voltages induced by lightning. Therefore, it is important to consider the evaluation behaviour of lightning induced overvoltage (LIOV) on a distribution line.
Several studies have been done to evaluate lightning induced voltage (LIV) on the power lines whereas they assumed lightning channel is set as vertical channel. On the other hand, the real shapes of lightning channel show, the lightning channel is not exactly perpendicular [5] [6] at least at a few hundred meters above ground surface that can be effective on the peak values of lightning electromagnetic fields (EMF) and also LIOV at first few microseconds. Therefore, this study considers on the evaluation of LIOV due to an inclined lightning channel and also the channel angle effect on the values of lightning induced voltage whereas the evaluated values of LIOV can be used for setting appropriate protection level on the line [7] . Likewise, in this paper, the behaviour of LIOV is evaluate based on changes in the channel angle such as the inclined and observation point angles and the effect on the LIOV of the both angles with respect to the return stroke velocity. As a result, by evaluating the behaviour of the voltage peak LIOV in this paper, the protection level of a power line under different parameters can be considered. Also, the correction factor of the LIOV result can be applied for extending the results to other cases of current and angles.
II. METHODOLOGY In order to consider the behaviour of channel parameters on the peak value of the LIOV, a Malaysian distribution 33 kV line is selected in this paper as shown in Figure 1 and the line parameters are listed in Table 1 [8] . Apart from that, in order to evaluate the LIOV, the standard procedures for LIOV determination were implemented [9] [10] [11] . Further, Fig. 2 shows the geometry problem used for evaluating the EMF components with respect to the inclined lightning channel [12] [13] . According to Fig. 2 , the inclined lightning channel is located in the Z-Y plane with a certain value of inclined angle, θ. On the other hand, the observation point angle, ф is located on the X-Y plane by considering the image of the observation point at the height of conductor, z. In addition, the derivative of the vertical electric field is expressed by (1) and this equation is solved by an applied numerical method such as the finite-difference timedomain (FDTD) [12] which gives the vertical electric field;‫ܧ‬ ௭ as a result. This field is highly sensitive to changes in the channel angle [14] . 
Where; x is the position of the observation point on the x-axis ‫ݔ(‬ = ‫∅݊݅ݏݎ‬ ) y is the position of the observation point on the y-axis ‫ݕ(‬ = ‫‪∅ሻ‬ݏܿݎ‬ r is the radial distance from the channel base to the image of the observation point on the surface of the ground r' is the temporary channel length along the lightning channel ߠis the inclined angle ∅is the observation point angle c is the speed of light (3 × 10 ଼ ‫)ݏ/݉‬ ‫ܣ‬ ଵ ሺ‫′ݎ‬ሻis2‫ݖ‬ − ‫ߠݏܿ′ݎ2‬ ‫ܣ‬ ଶ ሺ‫′ݎ‬ሻis2‫ݕ‬ − ‫ߠ݊݅ݏ′ݎ2‬ R(r') is a radial distance from the temporary channel length lightning channel to the observation point where expressed by (2):
Further, in this paper, the vertical and horizontal electric fields are only considered because the selected coupling model is the Agrawal model as described by (3) to (4) [15] [16] . However, EMF evaluation is the third procedure after considering the step current function for the channel base current evaluation and the Transmission Line (TL) model for the return stroke current evaluation in procedure one and two respectively as clearly proposed by sources [17] . Therefore, by a combination of the evaluation of the step current, the TL 
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model [18] , the EMFs and the coupling evaluation, the LIOV may be generated.
III. RESULTS AND DISCUSSION
The LIOV that is generated is based on the medium 33 kV distribution overhead line in Malaysia. The considerations of the behaviour of the LIOV are based on the effect of: a. An inclined angle; the angle of the lightning strike to the surface of the ground, ߠ b. The observation point angle; the angle at which the power line can 'see' the lightning channel strike, ∅ c. The return stroke velocity; the velocity along the lightning channel when the return stroke current of the lightning channel occurs. This is lower than the speed of light, ܿ which is typically in the range ܿ/3 to 2ܿ/3 and is usually assumed to be constant along the lightning channel [13, [19] [20] ] All these effects vary for different values of the channel angle. Fig.3 shows that the peak voltage of LIOV increases with an increasing channel angle at an observation point angle of 30°. It can be seen that the peak voltage of the LIOV has a direct and linear relationship together with the channel angle, by which when the inclined angle is increased from 10° to 50°, the voltage peak decreases. Also, the result for a channel angle of less than 50° should be noted since the voltage peak exceeds the Basic Insulation Level (BIL),110 kV and the Critical Flash Over (CFO), 150 kV.
Likewise in Fig. 4 , which is shows a direct and linear relationship of peak voltage of LIOV with an increasing observation point angle and the peak current at the inclined angle of 30°. However, the peak voltage is seen to decrease for an increase in the observation point angle and for angles less than 70°the results should be noted since the behaviour of the LIOV exceeds the BIL and CFO of the system. Fig.3 . The behaviour of the LIOV due to an inclined angle and lightning pea current (at ф=30°,‫ݒ‬ = 1.5 × 10 ଼ ݉ ‫ݏ‬ ⁄ , h=13.48m) Fig.4 The behaviour of the LIOV due to observation point angle and lightning peak current (at θ=30°,‫ݒ‬ = 1.5 × 10 ଼ ݉ ‫ݏ‬ ⁄ , h=13.48m)
On the other hand, different behaviour of the LIOV can be seen in Fig.5 due to the effect of variation of the return stroke velocity. It can be seen that the peak voltage of the LIOV has an indirect linear relationship with an increasing inclined angle and it decreases at the highest return stroke velocity. Further, the return stroke velocity plays an important role in calculating the EMF at the observation point. Therefore, the decreasing trend of the peak voltage of the LIOV is influenced by considering the R(r') parameter as shown in Fig. 2 and equation (2) . Apart from that, similar behaviour of the LIOV, as shown in Fig.5 , can also be seen in Fig.6 by which the effect of the return stroke velocity due to the observation point angle is considered. It represents a linear relationship of peak voltage of the LIOV with an increasing observation point angle. However, the peak voltage begins to decline as the return stroke velocity increases. Also, by using the v2 return stroke velocity as a reference, the peak voltage differences between them are at least 14 % and reduces to 10 % with an increasing observation point angle. In addition, the decreasing trend of the peak voltage is also influenced by the R(r') parameter in the EMF expressions in (1) and (2). Fig.6 The behaviour of the LIOV due to observation point angle and velocity (at θ=30°, lightning peak current, 10kA,
IV.
CONCLUSION
In short, this paper presents the evaluation behaviour of the LIOV peak voltage at the effect of the channel angle, which refers to the inclined lightning channel. Among the findings are:
1. The behaviour of the LIOV has a linear relationship with the effect of increasing the inclined and observation point angle. However, the peak voltage of the LIOV tends to decrease with an increase in the inclined and observation point angle. 2. The behaviour of the LIOV also has a linear relationship with the effect of the variation of return stroke velocity. However, the peak voltage of the LIOV shows a declining trend with an increasing return stroke velocity. Therefore, the outcomes of this work provide benefit for electrical power designers to consider the protection level of power lines under different lightning channel angles for a quick estimation of the LIOV without having to perform full calculation of the LIOV. 
